The experiments reported here were designed to test the hypothesis that the two-electron quinone reductase DT-diaphorase 
multilamellar vesicles in the presence of NADH and DTdiaphorase. The presence of DT-diaphorase prevented the oxidation of reduced CoQ and inhibited lipid peroxidation. The interaction between DT-diaphorase and CoQ was also demonstrated in an isolated rat liver hepatocyte system. Incubation with adriamycin resulted in mitochondrial membrane damage as measured by membrane potential and the release of hydrogen peroxide. Incorporation of CoQ1O provided protection from adriamycin-induced mitochondrial membrane damage. The incorporation of dicoumarol, a potent inhibitor of DT-diaphorase, interfered with the protection provided by CoQ. The results of these experiments provide support for the hypothesis that DT-diaphorase functions as an antioxidant in both artificial membrane and natural membrane systems by acting as a two-electron CoQ reductase that forms and maintains the antioxidant form of CoQ. The suggestion is offered that DT-diaphorase was selected during evolution to perform this role and that its conversion of xenobiotics and other synthetic molecules is secondary and coincidental.
Coenzyme Q (CoQ) was originally discovered as an essential member of the mitochondrial electron transfer chain (1) and later hypothesized and shown to function in the energyconserving protonmotive Q cycle (2) . Its antioxidative capacity was demonstrated in vitro (3, 4) and, subsequently, a large number of studies have been published demonstrating the antioxidative role of CoQ at various levels of biological organization (for reviews, see refs. [5] [6] [7] [8] . In addition, its efficacy in the treatment of several clinical entities has received attention (8) (9) (10) . Since its primary function has been associated with its role in energy metabolism, the role of CoQ as an
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antioxidant was considered to be secondary or coincidental (5, 11) . The demonstration that high levels of CoQ exist in the majority of cellular membranes (12) and that it is found largely in the reduced form (13) prompted the question of the function of CoQ in these membranes and, in addition, the means by which the reduced state is maintained, especially in those membranes containing no obvious means of catalyzing its reduction.
The enzyme DT-diaphorase, discovered shortly after CoQ (14) , is a two-electron quinone reductase [NAD(P)H:(quinone-acceptor) oxide reductase, EC 1.6.99.2] (15), the majority of which resides in the cytosolic fraction of the cell, with minor activity in mitochondria and endoplasmic reticulum (14) . DT-diaphorase is an inducible enzyme (16) that may protect the cell from oxidative damage by preventing oxyradical formation from one-electron reduction of quinones and the subsequent formation of superoxide radicals via dismutation of the semiquinone (17, 18) . Its protective capacitywith respect to quinone carcinogenesis has been demonstrated (19, 20) , and it has been labeled an "anticancer enzyme" (21) .
A role for DT-diaphorase in the regeneration and maintenance of the antioxidative form of CoQ has been hypothesized (22) , and data from experiments performed in situ and in vivo, which support the concept of such a vital role for DT- diaphorase, have been reported (23) . We report here the results of experiments on the kinetic interaction of DT- diaphorase and CoQ homologs of various side-chain lengths, the reduction and maintenance of the reduced form of CoQ, including CoQg and CoQ10, by DT-diaphorase in large unilamellar vesicles (LUVET) and multilamellar vesicles (MLVs), and the direct relationship between the reduced state of CoQ and the prevention of free radical damage to liposomal membrane components. In addition, results of experiments with intact hepatocytes, consistent with a role for DTdiaphorase-CoQ interaction in the prevention of adriamycin (adr)-generated free radical damage, are presented.
Such data provide a supportive basis for the hypothesis that DT-diaphorase was selected during evolution for the purpose of providing antioxidant protection to cellular membranes by means of its ability to generate and maintain the reduced, Preparation of DT-Diaphorase. Twenty liters of liver cytosol from 3-methylcholanthrene-treated Sprague-Dawley rats was used for the purification of DT-diaphorase (24) . The cytosolic fraction was prepared according to Ernster et al. (25) and was purified as described (26), with modifications (27) . An azodicoumarol Sepharose-6B affinity column was used and the enzyme eluted with NADH, resulting in an essentially pure preparation of DT-diaphorase. The concentrated sample was passed through a CM-Sepharose column equilibrated with a solution of 50 mM Tris HCl, pH 7.0/0.25 M sucrose in order to remove minor contamination by two proteins with high isoelectric points (28) . DT-diaphorase activity was assayed with NADH and NADPH as electron donors and menadione as acceptor by following the absorbancy change of cytochrome c as secondary acceptor at 550-540 nm (29) . Essentially equal activities of the purified enzyme with NADH and NADPH, together with high sensitivity to inhibition by dic, ensured its identity as DT-diaphorase (29) . When CoQ homologs were tested as electron acceptors, the time course of the reaction was followed by monitoring the absorbancy decrease of NADH at 340 nm, using an extinction coefficient of 6.22 mM-1-cm-1 in a Tasco 7850 double-beam spectrophotometer. The extent of nonenzymatic CoQ reduction by NADH was determined in all cases either in the absence of enzyme or in the presence of 20 ,uM dic.
Preparation of CoQ-Containing MLVs and LUVETs. MLVs were prepared by adding PC and CoQ homologs to a roundbottomed tube, removing each solvent with a stream of nitrogen to obtain a thin film, followed by the addition of 1-4 ml of 0.14 M NaCl/50 mM Tris buffer, pH 7.5/NADH (9 ,ug/ml)/DT-diaphorase (54 ,ug/ml). Final PC, CoQ, and NADH concentrations were 15 mM, 10-30 ,uM, and 3-6 mM respectively. The suspension was Vortex-stirred for 12 min. To prepare LUVETs, MLVs void of NADH and DT-diaphorase were prepared using an extruder as described (30 (Fig. 1) . Once again, DT-diaphorase reduced the two long-chain CoQ homologs, and LUVETs were the preferred preparation. Fig. 2 shows the rates of decrease of oxidized CoQO0 and increase of CoQ10H2 in LUVETs with two concentrations of DT- diaphorase and in the absence of DT-diaphorase. These results show a rate dependence on DT-diaphorase concentration and a lack of CoQ10 reductase activity in the control void of DT-diaphorase. Evidence That Endogenous CoQ Protection Against Oxidative Stress Requires Its Reduction by DT-Diaphorase. Oxidative stress by adr in perfused rat liver (39) and isolated hepatocytes (40) has been shown to induce loss of mitochondrial membrane potential concomitant with increases of cell superoxide and hydrogen peroxide levels. Exogenous CoQ1o administration provided protection of mitochondrial activities and membrane potential by virtue of its antioxidant effect. We have utilized the ability of adr to induce oxidative stress in isolated hepatocytes in order to examine the involvement of DT-diaphorase in production of the reduced form of CoQ by treating isolated hepatocytes, incubated with adr and CoQjo, with dic, a potent inhibitor of DT-diaphorase. As shown in Table 2 , dic prevented the protective effect of CoQ both against adr-induced hydrogen peroxide generation and loss of mitochondrial membrane potential. Determination of DTdiaphorase activity of hepatocyte cytosols (100,000 x g supernatants) indicated a direct relation between protection by CoQ incubation and DT-diaphorase activity ( Table 2 ). Levels of CoQH2, determined by HPLC analysis, were significantly lower in the dic-treated samples (Table 2) .
DISCUSSION
In addition to its function in mitochondrial electron transport and oxidative phosphorylation, a primary role for CoQH2 as a vital hydrophobic phase antioxidant has been well established (see refs. 23 and 42 for reviews). In fact, CoQ,oH2 has been reported to act more efficiently than a-tocopherol in the antioxidative protection of human low density lipoprotein (43) . The discovery (44, 45) and confirmation (12, 46) that CoQ exists at relatively high concentrations in all subcellular membranes and that significantly >50% is in the reduced state (13) prompted the question of its role in these extramitochondrial membranes and the means by which CoQ in these membranes is maintained largely in the hydroquinone state. As early as 1986, it was suggested (22) that the two-electron quinone reductase DT-diaphorase functioned to maintain CoQ in its reduced, antioxidant state.
Although much is known about the prosthetic group, structure, induction, mechanism, gene, pharmacological and toxicological functions, and other properties of DT-diaphorase (47, 48) , the physiological role for which it was selected during evolution has not been elucidated. Results of in vivo and in situ experiments designed to test the DT-diaphorase-CoQ reduc- tase hypothesis have provided indirect supportive evidence (23) . The experiments reported here were designed to test this hypothesis more directly by (i) determining the ability of highly purified DT-diaphorase to catalyze the two-electron reduction of various CoQ homologs, (ii) testing the interaction of DT-diaphorase and long-chain CoQ homologs incorporated into phospholipid vesicles, and (iii) studying the role of hepatocyte DT-diaphorase in the protection, provided by incorporation of CoQiO, from free radical damage. The results of this multiple experimental approach, together with previous findings (23), provide significant support for the hypothesis that DT-diaphorase functions in antioxidation by interacting with hydrophobic phase CoQ to act as a twoelectron quinone reductase to form and maintain the antioxidative form of CoQ-i.e., CoQH2. Although the majority of DT-diaphorase activity resides in the cytosolic compartment, its assay in vitro requires the presence of nonionic detergent for maximal activity (29) . This is consistent with the probability that cytosolic DT-diaphorase may interact with membrane components located near the membrane-cytosolic interface, similar to a recently discovered (49) liver cytosolic factor involved in the regeneration, by cytosolic ascorbate, of membrane-bound vitamin E from the a-tocopheroxyl radical (7) and a NADH-CoQ reductase recently identified in liver plasma membrane (50) . The results reported here also support the suggestion (23) that DT-diaphorase was selected during evolution to act as a CoQ reductase to protect cellular membrane components from free radical damage. 
